Numerous cases of hazardous flooding attributed to irrigation tank overflows under concentrated downpours have recently been reported. Using a hydrograph to predict overflows is an important countermeasure against hazardous flooding in downstream areas. However, many studies have considered only the peak flow discharge without a hydrograph timescale when predicting runoff characteristics due to irrigation tank overflows. This paper uses numerical simulation to emphasize the importance of runoff characteristics and proposes a new hydrographic index to evaluate flooding risks in downstream areas. The proposed index includes both the peak flow discharge and the hydrograph timescale. The applicability of this two-dimensional numerical simulation model is examined by comparing examples of actual damage with the results of in situ experimentation carried out in a narrow channel located at a mountainous site.
INTRODUCTION
Flood-control measures that use irrigation tanks have been suggested 1) . However, heavy rains and earthquakes can cause dam or irrigation tank failures, resulting in serious flood hazards 2), 3) . Numerical models have been used to develop hazard maps of flooding from irrigation tank or dam failures, and the results of these analyses have been made public by local governments. However, these maps do not consider how flood runoff processes are affected by the characteristics of the hydrograph from a reservoir (e.g., an irrigation tank) 4), 5) . When there is a discharge from an irrigation tank or a dam failure, the runoff processes are affected by the reservoir volume and the dam shape. Therefore, for accurate prediction of downstream flood hazards, the characteristics of the hydrograph (i.e., timescale) starting from the irrigation tank or dam must be considered.
Many irrigation tank overflows or landslide dam failures (similar phenomena) have been studied experimentally under ideal conditions, such as flume experiments in the laboratory (Oda et al. 6) , Takahashi & Nakagawa 7) , Fujisawa et al. 8) ). In addition, Costa 9) statistically analysed examples of past damage and proposed a relationship between the peak outflow discharge from dams and the dam factor (the dam height multiplied by the volume of the reservoir). Consequently, this relationship considers the peak flow discharge without changes in the waveform shape.
In the present study, the flow discharge was analysed under different flow conditions, such as riverbed shear stress, which was affected by the topography. A one-dimensional numerical model considering both water and sediment flow was used for the analysis. This allowed us to improve our understanding of the effects of the hydrograph characteristics from the reservoir (i.e., flood runoff processes). A new index is then proposed that represents the risk of downstream flood hazards caused by the failure of irrigation tanks or ponds.
In a previous study, we observed the deformation of a small artificial dam in a mountainous area to examine both the levee failure deformation processes and outflow discharge from burst dams 10) . We compared our calculations using a two-dimensional numerical model 11) with experimental results, while focusing on irrigation tank overflows. In the present study, we compared our calculations with experimental results and examples of past damage using the two-dimensional numerical model under conditions in which overtopping was eroding the dam. We also used our model to explore factors that affect the outflow processes from irigation tanks.
NUMERICAL ANALYSIS OF FLOOD RUNOFF PROCESSES AFFECTED BY HYDROGRAPH DIFFERENCES
We used a flood runoff numerical model based on assumed hydrographs to examine how the flood runoff processes were affected by the hydrograph characteristics of an upstream reservoir.
(1) Governing equations
Previous studies 2) have suggested that the flood runoff caused by dam failures flows directly to downstream areas. Here, a one-dimensional numerical model 12) that considers the water and sediment flows with a single particle size is used for simplicity. Assuming that the vertical component of the velocity is negligible and that the pressure is hydrostatic, the one-dimensional equations for water depth and depth-averaged velocity are
where u is the average velocity in the direction of the flow, t is time, x is the flow distance, g is the acceleration due to gravity, τ b is the riverbed shearing stress, H is the altitude, ρ m is the interstitial fluid density, h is the flow depth, i b is the erosion/deposition velocity, C is the sediment concentration of the volume flow, C * is the sediment concentration by volume in the movable bed layer, and z is the riverbed height. Considering the characteristics of the sediment concentration of the volume flow, the riverbed shearing stresses of the flow can be classified into stone debris flow, immature debris flow, and bed-load transport 12) . The generation and development of debris flows can be calculated using a staggered scheme and backward differences. The flood runoff processes affected by the characteristics of the hydrographs from the reservoir were estimated under ideal conditions that were assumed with reference to a previous study 12) , as shown in Table 1 . Here, we analysed the flood runoff processes affected by the river width, riverbed gradient, and sediment concentration of the flow.
We used a numerical model and seven assumed hydrographs to examine how the flood runoff processes were affected by the characteristics of the hydrograph from an upstream reservoir, as shown in Fig. 1 . The hydrographs for cases 1-1 to 1-4 had the same peak flow discharge (Q 0max = 40 m 3 s -1 ) and total flow discharge (Q = 16,000 m 3 ). In contrast, the hydrographs for cases 1-5 to 1-7 (refer to the hydrograph of case 1-2) had differing maximum flow discharges.
(2) Effect of the hydrograph on the flood runoff processes The peak outflow discharges at different observation points (different flow distances) were analysed for cases 1-1 to 1-4 to examine how the flood flow processes were affected by the characteristics of the hydrograph from the reservoir, as shown in Fig. 2 The other variables were kept constant: the riverbed gradient i = 0.04, the river width B = 10 m, and the sediment concentration of the flow C = 0.0. 
The y-axis in the figure gives the nondimensional peak flow discharge at each observation point (i.e., the peak outflow discharge at each observation point divided by the maximum outflow discharge, Q 0max = 40 m 3 s -1 ), and the x-axis corresponds to the distance to the upstream boundary (irrigation tank).
The peak flow discharge of each hydrograph, as shown in Fig. 1 , was affected by the differing flood runoff processes as determined by the characteristics of the hydrograph from the reservoir. Additionally, Fig. 2 indicates that the ratio of each peak outflow discharge remained almost unchanged after the flow traveled 500 m downstream. Further analysis of the other factors (i.e., river gradient, river width) indicated that the effects of the hydrograph were similar.
The effects of the hydrograph characteristics from the reservoir can be used to evaluate the flood flow processes. The relationship between the flow discharge and the hydrograph can be expressed as where Q max is the maximum flood flow discharge downstream and Q 0 max is the maximum inflow discharge from the reservoir shown in Fig. 3 , and ΣQ 85 is a proposed new index based on the entire flow discharge. Both α and β are coefficients. We propose that this new index can be used to indicate the degree of hazard in downstream areas. Therefore, the flow hazard F H can be expressed as
Larger values of F H indicate more hazardous flooding in downstream areas. The results of our analysis suggest that the multiple correlation coefficient should be 0.801, assuming β = 0.5, as shown in Fig.  4 . However, further work is required to improve the accuracy of this new index.
DEFORMATION AND OUTFLOW PRO-CESSES BASED ON FIELD OBSER-VATION DATA
Soil/dam failure studies have identified three types of dam deformation, as shown in Fig. 5 : erosion due to overtopping, instantaneous slip failure, and progressive failure caused by infiltration flow. However, a previous study 10) has shown that most landslide dam failures are caused by erosion due to overtopping, although the exact mechanisms are not fully understood. A more complete analysis of the failure processes is therefore still required.
Many levee failure experiments have been performed under ideal conditions, such as flume experiments in laboratories (see, for example, Ref. 6). However, to date, no experiments have been conducted in mountainous areas to verify dam-failure deformations. To examine both levee-failure deformation processes and outflow discharges from irrigation tanks that have burst, we also considered the relationship between reservoir-outflow discharges and levee-failure processes using observations on the deformation of a small artificial dam in a mountainous area 10) .
(1) Materials and methods
We conducted field experiments on dam failure deformation and outflow using a 5-m-wide dam with uniform sand particles on a stream bed 10) . The gradient of the downstream slope was ~6.3º. The stream bed was free from deposits other than the sand added for the experiment. A schematic diagram of the experimental setup is shown in Fig. 6 . Table 2 lists the gradients for the three case studies. The experiment was repeated three times with two different downstream slope inclines (twice at 1/2 and once at 1/3) to allow comparison with previous findings (e.g., Ref. 7) and to examine the effect of the slope.
The soil in the experiment had the following characteristics: an initial water content of 8.23%, a permeability of 1.4 × 10 −2 m s −1 , and an average particle diameter of 1.5 mm. The levee was constructed under dry conditions using a temporary drainage pipe.
The experimental data were collected as follows. (a) The inflow discharge into the reservoir q in was continually measured using a temporary overflow barrier approximately 30 m upstream. The discharge was calculated using Boss's critical theory (minimum specific energy theory). (b) The outflow discharge q out into the lower basin was calculated approximately 30 m downstream. (c) The reservoir discharge V was measured continuously using a hydrographic scale installed in the reservoir. (d) Levee failure processes, including deformation, erosion width, and flow discharge q e , were recorded using video cameras.
(2) Results
The inflow discharge was approximately constant at 0.016 m 3 s −1 . The data for landslide dam failure in the three experiments are shown in Table 2 . In the case 2-1 experiment, which was performed first, progressive slip failure due to the piping in the landslide dam was observed. A pipe was inserted, but it was not possible to completely compact the soil around it. This meant that air spaces in the surrounding soil caused progressive slip failure. Erosion due to overtopping was observed in both the case 2-2 and case 2-3 experiments. Fig. 7 shows the experimental results for the outflow discharge from the dam for cases 2-1 to 2-3. The collapse of the dam influenced the flood outflow process, namely, the flood hydrograph. Case 2-3 (gradient of the downstream slope incline: 1/2) had a flow that was ~1.59 times that of case 2-2 (slope: 1/3). The failure time for case 2-3 was ~0.6 times that of case 2-2. Case 2-3 (overtopping erosion) had a flow quantity ~1.25 times that of case 2-1 (progressive slip failure). These differences were due to the flow velocity casued by the different slope inclines resulting from the downslope deformation of the dams.
The values for the new index F H proposed in Section 2 for cases 2-1, 2-2, and 2-3 were 4.4, 4.3, and 5.1 (where α = 1.0), respectively. 
NUMERICAL ANALYSIS OF EROSION PROCESSES DUE TO OVERTOPPING
Calculations were performed for the erosion and flood outflow processes of a levee failure using an erosion numerical model 11) that analyses changes in a stream bed by considering erosion of the side shore, corresponding to case 2-3, which had the largest F H . The model was verified by comparing between the experimental results and calculated data.
(1) Governing equations
The equations for momentum, continuity, riverbed deformation, erosion/deposition, and riverbed shearing stress have been developed during previous research 12) . These were applied using a staggered scheme for the arrangement of variables and considering only a single particle size. Assuming that the vertical component of velocity is negligible and that the pressure is hydrostatic, the two-dimensional equations for water depth and depth-averaged velocity in Cartesian coordinates are 
where x and y are the Cartesian coordinates, u and v are the velocity components in the x and y directions, t is time, ρ is the interstitial fluid density, p is pressure, ε is the eddy momentum diffusivity, τ x and τ y are the riverbed shearing stresses in the x and y directions, h is the flow depth, g is the acceleration due to gravity, z is the movable bed layer depth, C is the sediment concentration of the volume debris flow, C * is the sediment concentration by volume in the movable layer, and i b is the erosion/deposition velocity 12) . Considering the effect of the local slope change in the riverbed with the erosion velocity i b j on the riverbed, as shown in Fig. 8 , the erosion velocity i j considering side-shore erosion can be expressed as follows:
where Δz is the difference in the adjoined riverbed heights and Δy is the distance between the calculation points. The side-shore erosion in the vertical and horizontal directions i s j was considered. Considering the nondimensional riverbed shear stress τ *s , the side-shore erosion velocity i s is given by 13) the nondime n is the flow gravity, d is σ -1, σ is the f curvature o U is the horiz w velocity.T iven by Shim elocity is give ation conditi dam failure due to overt ing the num e based on th ment. ation processes erbed shear s g is the acce e diameter of ty of the grit U L is the bedvelocity, V is f curvature o akura 14) , and ashi et al. 11) and the out re calculated l 12) . These ca ditions used in e parameters u (2) Factors that affect the flood outflow process Generally, flood outflow processes are affected by the volume of the water in the reservoir, the dam height, and the gradient of the downstream slope. To examine the factors that affect the flood outflow from a reservoir at realistic scales, we calculated the change in the outflow discharge as the following were varied: the volume of water in the reservoir, the dam height, and the gradient of the slope upstream and downstream of the dam. The results of these analyses are shown in Table 7 . All conditions not listed in Table 7 were assumed to be the same as those in Table 5 .
We analysed cases in which the dam height was constant but the reservoir water volume differed, as shown in Fig. 12 . The ratios of both the peak outflow discharge and the volume of water in the reservoir, in each case, were similar. These results suggest that the volume of water in the reservoir greatly affected the flood outflow processes.
We also analysed cases in which the volume of water in the reservoir was constant but the dam heights were different, as shown in Fig. 13 . Unlike in previous studies (Costa 9) ), the dam height did not affect the flood outflow processes. Costa 9) proposed a statistical theory based only on past examples. However, dams containing a large volume of water will tend to be high, so his theory should be modified. In the future, examples with different dam heights but the same reservoir volumes should be compared. Finally, we considered cases with different slopes upstream and downstream from the dam, as shown in Fig. 14 . Steep slopes (both upstream and downstream) affected the peak outflow discharge.
Our research suggests that flood outflow processes are affected by the gradient of the downstream slope, as reported in previous studies 7) , and also by the gradient of the upstream slope. 
CONCLUSIONS
To understand flood runoff processes to the downstream area affected by the characteristics of the hydrograph from the reservoir (e.g., an irrigation tank), the relationship between the effects and characteristics of the hydrograph from the reservoir were analyzed using a one-dimensional numerical model that considered the water and sediment flow. The results suggested that the characteristics of the inflow hydrograph from the reservoir due to levee failure affected flood runoff processes in the downstream area. Thus, a new index of flood hazard grade was proposed, considering the characteristics of the inflow hydrograph from the reservoir.
To predict the flood outflow accompanying a dam or irrigation tank collapse, we examined the flooding processes using small-scale levee dam collapse experiments. Then, using a numerical model, we analysed both the dam deformation and the outflow due to overtopping erosion. The selected numerical model considered changes in the stream bed.
Experiments with a small-scale artificial dam showed that erosion had a greater effect than the other collapse processes. The gradient of the downstream slope affected both the dam deformation and the flood outflow processes. The flood outflow discharge caused by overtopping erosion was larger than the discharge from progressive collapse.
The model correctly reproduced the dam collapse and flood outflow processes observed from the experiments and from past examples of dam deformation. The model was then used to analyse changes to a stream bed due to erosion of the side shore. The gradients of the upstream and downstream slopes and the volume of water in the reservoir behind the dam affected the peak outflow discharge. However, the dam height did not have an effect on our results.
Future work is required to identify the effects of side-shore erosion due to infiltration flow.
